Abstract: Background: Precious metal alloys can be supplied in traditional plate form or innovative drop form with high degree of purity. Objective: The aim of the present work is to evaluate the influence of precious metal alloy form on metallurgical and mechanical properties of the final dental products with particular reference to metal-ceramic bond strength and casting defects. Method: A widely used alloy for denture was selected; its nominal composition was close to 55 wt% Pd -34 wt% Ag -6 wt% In -3 wt% Sn. Specimens were produced starting from the alloy in both plate and drop forms. A specific test method was developed to obtain results that could be representative of the real conditions of use. In order to achieve further information about the adhesion behaviour and resistance, the fracture surfaces of the samples were observed using 'Scanning Electron Microscopy (SEM)'. Moreover, material defects caused by the moulding process were studied. Results: The form of the alloy before casting does not significantly influence the shear bond strength between the metal and the ceramic material (p-value=0,976); however, according to SEM images, products from drop form alloy show less solidification defects compared to products obtained with plate form alloy. This was attributed to the absence of polluting additives used in the production of drop form alloy. Conclusions: This study shows that the use of precious metal denture alloys supplied in drop form does not affect the metal-ceramic bond strength compared to alloys supplied in the traditional plate form. However, compared to the plate form, the drop form is found free of solidification defects, less expensive to produce and characterized by minor environmental impacts.
Introduction
Teeth play a critically important role in our lives. Loss of their function affects our ability to eat a balanced diet with negative effects on our systemic health. Loss of their aesthetics can negatively impact social function. However, both function and aesthetics can be restored.
Metal-ceramic restorations have been considered from mid-1950s [1] . Since that time, research and improvements in materials and techniques have dramatically increased the use of them. Nowadays, alternatives to these systems exist, mainly all-ceramic restorations that present advantages in terms of aesthetic properties [2, 3] . However, ceramics are brittle and subjected to premature failure, especially under repeated contact loading in a moist environment [4] .
Densely sintered zirconia is significantly more stable as framework material than other ceramics; but, complications may occur such as discolorations, secondary caries and loss of retention [5, 6] . According to Donovan et al. [7] , the major problem related to all-ceramics restorations is the greater incidence of veneering porcelain chipping (8-50% at 1-2 years) when compared with porcelain fused to metal restorations (4-10% at 10 years).
As reported by Pjetursson et al. [8] , metal-ceramic fixed dental prostheses (FDPs) had lower failure rates than Eliasson et al. [9] indicates that FPDs fabricated using high-noble alloys have shown survival rates of 80 to 98%, 81 to 97% and 74 to 85% after 5, 10 and 15 years, respectively. Therefore, the metal-ceramic restoration still is the major and the most reliable type of dental restoration; especially, when a good adhesion between the two materials is achieved.
Even though various theories have been proposed and the variables affecting the metal-ceramic bond strength studied, the real mechanism of bonding is still not clear [10, 11] . As indicated by Anusavic et al. [12] the actual bond strength is difficult to determine with tests because of non-uniform stress distributions.
Even though a standard to evaluate the de-bonding of the ceramics by using a three-point bending text exists [13] , shear test is the main alternative adopted in literature.
Both the ceramic fracture and bond strength assessment in bend tests are influenced by the Young's modulus of the alloy. Therefore, it is not clear which characteristic of the metal-ceramic specimens, whether the bond strength or the modulus of elasticity of the metal, is actually tested [14] .
There are two types of flexural tests reported in literature, 3-points [6, 15] and 4-point bending tests [16] ; while, in the case of shear test, the geometry of the sample and the testing machine can vary.
Henriques et al. [17, 18] and De Melo et al. [19] used the planar interface shear bond strength test, while Shell et al. [20] and Neto et al. [21] used a modified rectangular parallel shear test.
Many types of metal can be used in metal-ceramic restorations [22] . The alloys used for restoration must meet certain minimum requirements for strength, stability, castability, corrosion/tarnish resistance, burnishability, polishability and biocompatibility. Metal-ceramic systems, compared to full metal restoration, have additional requirements that are necessary to achieve a good adhesion between the alloy and the ceramic. Requirements of these alloys include higher melting temperature, thermal compatibility with ceramics, oxide formation and sag resistance.
Gold is the oldest dental restorative material, having been used for dental repairs by Phoenicians and Romans [23] . Gold alloys, in particular Au-Pt-Pd alloys, are the first ones used for metal-ceramic restorations in the last 30 years [24] . As the cost of gold increased, new noble metals were introduced in dentistry. In particular, Pd alloys such as Pd-Ag and Pd-Cu alloys are the most widely used. In recent years, the use of alternative alloys such as base-metal alloys has increased worldwide. The choice of the based-alloy varies from country to country. In the USA nickel-chromium (Ni-Cr) alloys are frequently used, with or without beryllium (Be), while the alloys most often used in Europe and Japan are the cobalt-chromium (CoCr) alloys [21, 25, 26] . Titanium alloys are also an alternative [27, 28] . Their elastic moduli are nearly twice as high as those of the other systems, and their hardness may reach 350 HV [29] . Based metal alloys are often selected when cost is of major consideration, while noble metal casting alloys are generally used to fabricate the metal substructure, because of their advantages in terms of biocompatibility and excellent metal-ceramic bond. Moreover, casting of base metal alloys is more difficult than that of noble alloys because of their high melting temperatures and potentials for oxidation during casting [30] . Finally, due to the high hardness of many base metal alloys, a lot of time is required for the finishing operations in the dental laboratory.
Since the reduction of the production cost for noblemetal alloys is a key factor for the diffusion of these alloys in restoration, new technologies should be developed to achieve this result.
Precious metal alloys can be supplied in traditional plate form (PF) or innovative drop form (DF) with higher degree of purity and lower production cost. This research is aimed to investigate the effect of metal fabrication technique process on the metallurgical and mechanical properties of the alloy with particular attention to the metalceramic adhesion. Table 1 summarizes the chemical composition of the alloy used in this work, obtained by optical emission spectrometry, while in Table 2 the most relevant material properties are reported.
Materials and methods

Alloy preparation
Two forms of the same alloy were used to produce samples: plate alloy and drop alloy.
The plates are produced by melting the alloy at 1450 ∘ C (in a protective atmosphere) and pouring it into a copper stirrup with dimensions equal to 160x105x6 mm. The alloy is then rolled with four rolling passes in order to decrease its thickness to 1 mm. Before each rolling step the material is annealed at 950 ∘ C for 1 hour in argon atmosphere and subsequently quenched. Finally, the alloy is cut into several plates and cleaned with solvents to remove oil and impurities. The drops are produced by melting the alloy at 1380 ∘ C in a protective atmosphere and by sifting it through spinneret holes of diameter equal to 1,4 mm. Finally, the drops are rinsed with soft water and dried into a spin drier.
Specimens manufacturing
Both alloy forms were used to produce alloy-ceramic specimens with an opaque interlayer at the metal-ceramic interface. In particular, the alloy was casted adopting the lostwax casting technique and all the samples were manufactured with the same geometry. Fig. 1 shows the sample geometry. Alloy specimens were sandblasted with 110 µm alumina grains and then heat treated by increasing the temperature from 650 ∘ C up to 950 ∘ C with a heat rate of 65 ∘ C/min in order to oxidize the surfaces. Finally, a vaporization, which is a cleaning process aimed to eliminate Aluminium remains, was carried out at a pressure of 4,5 bar. An opaque interlayer was then applied manually in the form of a creamy paste mixed with an oily substance and dried in the oven starting from a temperature of 450 ∘ C up to 950 ∘ C (heat rate of approximately 60 ∘ C/min). At the end of the cycle, the specimens were removed from the oven and allowed to cool down. A ceramic coat (Shofu Vintage Halo) was then applied. The ceramic material used in this study was in the form of powder mixed with distilled water. In order to allow the alignment between the crosshead hole and sample, the layers of opaque and ceramic material were applied at a distance of 5 mm from the upper end of the sample (Fig. 1) . Since the opaque and ceramic depositions were applied manually, slight geometric irregularities at the edge between metal substrate and ceramic material were inevitable; thus, a grinding process was carried out in order to assure the repeatability of the test and a uniform contact between the crosshead and the opaque- Fig. 2 , the sample before and after grinding process is shown. Three specimens for each alloy form (PF and DF) were manufactured and mechanically tested.
Shear Bond Strength Test
Shear bond tests were carried out at room temperature by means of a universal testing machine (MTS 858 Mini Bionix) with a load cell capacity of 25 kN and a crosshead speed of 2 mm/min. Fig. 3 shows a schematic of the testing system, which consists of the metal ceramic sample described in 2.2 (A) and a custom-made C45 steel crosshead (B) used to apply [32] ). In order to obtain a good matching between the crosshead and the sample, the latter was grinded to achieve a final diameter equal to 5,75 mm (tolerance range js9). After the alignment, a compressive load was applied on the metal-ceramic interface until fracture occurred. Figure 4 shows the sample-crosshead alignment before ( Figure 4a ) and after testing (Figure 4b) .
The shear bond strength (SBS) was determined according to Eq. 1:
where, F is the force applied by the crosshead on the metalceramic interface, C ad is the ceramic axial development and Sp is the sample perimeter. Both the SBS trend and its value at failure, which refers to the complete detachment between the ceramic material and the substrate, were assessed.
Analysis of the metal-ceramic interface and failure mode
The analyses of the fracture surfaces were performed by a Scanning Electron Microscope equipped with an energydispersive spectrometer (EDS). SEM micrographs were quantitatively analysed by using the Leica QWin image analyser. Two modes of failure were observed: (1) fracture occurring at metal-ceramic interface (no remains of opaque or ceramic were found on the metal substrate); (2) fracture occurring within the opaque-ceramic side (remains of ceramic or opaque were found on the metal substrate). Four SEM images were taken from each sample in order to obtain a panoramic view of the fracture surface. The images were then analysed using image analysis in order to quantify the metal-ceramic fracture surface after testing (Fig. 5 shows one of the four images obtained and analysed).
Statistical analysis
With the aim to determine whether there were any significant differences between the average values of two or more independent groups, data were analysed using a one-way ANOVA. P-values lower than 0,05 were considered statistically significant. Fig. 6 shows the results of the SBS test done on two specimens obtained from the two different alloy forms analyzed. All tests were interrupted at a crosshead displacement of 2 mm. No interference between crosshead hole and the sample was observed. The increasing of the shear stress with the increasing of the crosshead displacement is due to the attachment of the ceramic residues to the sample after the primary detachment at the first peak of the curve.
Results
Shear Bond Strength Test
The mean results, assessed from all the tests carried out on plate and drop form specimens, are reported in Figure 7 . The SBS recorded for plate form specimens was 14,36 ± 4,48 MPa (number of tests: 4); while, in the case of drop form, the value was 14,06 ± 3,48 MPa (number of tests: 4).
Metal-ceramic interface and failure mode
According to the area percentage of metal visible on the surface of the samples, specimens obtained with drop form alloy were found to present a slightly stronger metalceramic bond compared to specimens obtained with plate form alloy. As a matter of fact, the first ones showed less remnants of metal substrate than the second ones (Fig. 8) .
In particular, the average metal remain areas were 14,22% and 18,18% for drop and plate form, respectively. Different EDS analyses were performed on samples of drop and plate form alloy in order to exclude the influence of base metal, ceramic material and oxide layer chemical composition differences on SBS results. An example is shown in Fig. 9 .
Since the SBS results may also be influenced by the oxide and opaque thickness, different optical microscope (OM) micrographs were used to calculate their values (Fig. 10) . In Table 3 such values are listed for both the alloy forms. With regard to the opaque layer, the minimum and the maximum thicknesses were assessed; thus, determining a range of variation. Regarding the oxide thickness value, the results listed in Table 3 are the average values of at least thirty measurements.
Bulk precious alloy analysis
In Fig. 11 , SEM images of the metal substrate are shown. The sample obtained by plate form alloy (Fig. 11b) shows the presence of gas porosity probably due to contaminants (impurities, oil remains or solvents) used during the production process of the alloy. In contrast, the sample obtained by drop form alloy shows no solidification defects.
Statistical analysis of SBS data
There were no statistically significant differences between mean SBS values determined by one-way ANOVA (p > 0,05). Results of the two experimental conditions, are summarized in Table 4 . 
Discussion
This study evaluates the effect of the alloy form (drop or plate form) used in the production of dental products on the metal-ceramic bond strength. Furthermore, some investigations were carried out in order to assess the metallurgical quality of the casting products obtained, starting from the two analyzed alloy forms.
Shear test
The standard [13] suggests a three-point-bending-test as testing method; it indicates that the minimum acceptable bond strength to achieve is 25 MPa. On the contrary, Anusavice [33] uses a shear test as testing method and suggests a minimum in vitro bond strength equal to 51 MPa. The SBS values obtained in this study are lower than both the limits suggested in the above-mentioned references. However, due to geometrical differences of the specimens employed in the present work compared to those presented in literature, no direct result comparison can be made.
Comparisons can be made only on results from the same test, as the adopted materials and the sample production technologies have been maintained the same. Moreover, the loading condition has been kept constant. In such conditions, the ANOVA analysis revealed that there is no statistically significant influence of the two alloy forms on the shear bond strength. The mechanical results are consistent with the thickness values of the oxide layers created on the metal surfaces of the samples obtained from both plate and drop form alloy.
It was found that the crack deflects from the joint to the ceramic material due to weakening effect induced by porosities which characterizes the ceramic bulk material (Fig. 5 ). Significant standard deviation values of the mechanical results may be attributed to slight alteration in the geometric dimensions due to the manual sample preparation and the brittle fracture characteristic which is very sensitive to porosity observed in the ceramic material.
Metal-ceramic interface and failure mode
Some conclusions about the metal-ceramic adhesion can be drawn by the analysis of the fracture surface. A metalceramic system under load will fail at the regions of weakest bonding. The highest bond strength leads to failure within the ceramic; in this case the failure is cohesive. Failures occurring at the interface between metal and oxide layer are adhesive. Depending on the type of fracture, whether it is cohesive or adhesive, the metal-ceramic bonding will be strong or weak, respectively [34] . In this study, according to references [35] [36] [37] , the failure types were classified based on the presence of ceramic remnants on the metal substrate after shear tests (i.e. adhesive, cohesive or mixed). Although adhesion failure is described as a typical failure mechanism of ceramic bonded to noble alloy substrates [38] , stereomicroscope observations of the fracture surfaces on the samples analyzed revealed a mixed failure mode. In both cases (plate and drop form alloy), the area of visible metal after the test was lower than 20%; that means a prevalent cohesive failure and thus, a high adhesion strength between metal and ceramic. The difference between plate form and drop form is not significant.
Besides the material chemical compositions, the oxide layer thickness plays an important role in the adhesion between metal and ceramic material. Despite the fact that the average value of the oxide thickness in the samples obtained from plate form alloy is slightly higher than that of the samples obtained from drop form alloy, when making reference to the standard deviation values, it can be concluded that the two kinds of samples have undergone a comparable oxidation process.
Bulk precious alloy
Despite the same chemical composition, casting products obtained from alloy in plate form showed some solidification defects such as gas porosities. Such defects are linked to the rolling, blanking or continuous annealing used for the production of plates. These processes allow the oily residues, detergents, solvents and oxides to be incorporated and trapped in the micropores present in the metal. The contaminants thus bond indissolubly with the alloy, producing gas porosity in the final casting product. In this case, more expensive and non-conventional castings processes such as vacuum casting process should be used to avoid porosity. On the contrary, specimens obtained with drop form alloy show no solidification defects due to the cleaner drop form alloy production technology. Indeed, the process is contaminant-free, carbon-free and swarffree. Thus, less or no porosities are generated.
Conclusions
Drop and plate alloy are both used in the dental sector but differences between them were not yet analysed in literature. In this paper, a comparison between samples obtained from both plate form and drop form alloy was made in terms of metallurgical and ceramic-alloy adhesion properties. The following conclusions can be drawn: -The shear test results show a good repeatability.
-The ANOVA analysis reveals that there is no statistically significant influence of the two alloy forms on the SBS. -Both drop and plate alloy forms show a mixed failure mode, but more than 20% of the surface being covered by ceramic after fracture indicates a good adhesion between metal and ceramic material. -Samples from drop form alloy showed less defects than specimens obtained from plate form alloy. As a matter of fact, the production process for the creation of drop alloy is a direct process that involves instantaneous solidification of the molten metal, via the casting, within specific inert liquids. Drop alloy can thus be considered pure and uniform in composition. Furthermore, granulation significantly reduces production costs and consequently the end price. -Compared to plate alloy, drop alloy helps to reduce the environmental impact because it never come into contact with toxic substances and reduces casting times and production scrap.
